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ABSTRACT 

An  astonishing  new  phenomenon  has  been  recently  observed  in  magnetic  wires.  It 
consists  of  the  spontaneous  rotation  of  the  wires  when  submitted  to  an  exciting  AC  axial  field 
with  frequency  of  the  order  of  kHz  and  amplitude  above  some  threshold.  The  rotation  is  believed 
to  appear  due  to  interaction  between  generated  magnetoelastic  standing  waves  and  induced  eddy 
currents.  In  the  present  work  rotational  characteristics  of  Fe77.5Si7.5B15  and  Fe73.5Sii3,5B9Cu|Nb3 
wires  in  their  as-cast  amorphous  state  and  after  heat  treatments  leading  to  devitrification  has  been 
investigated.  It  is  proved  that  this  rotational  phenomenon  is  only  observed  in  samples  with  large 
enough  magnetostriction  irrespective  of  their  structural  character.  Moreover,  changes  in 
rotational  characteristics  are  ascribed  to  the  structural  modifications  accompanying  the 
devitrification  process. 

INTRODUCTION 

The  mechanical  rotation  of  Fe  base  amorphous  wires  with  bistable  magnetic  behavior 
when  subjected  to  an  alternating  AC  field  of  several  kHz  has  been  recently  reported  [1-3]. 
Rotational  wire  frequencies  oscillate  around  tens  of  Hz.  Wire  rotation  frequency  depends  on 
magnetostriction  constant,  and  it  has  been  observed  for  both  positive  and  negative  values  as 
shown  in  [2].  The  influence  of  the  length  of  the  wire  in  the  excitation  frequency  that  causes  a 
rotation  and  the  appearance  of  rotation  at  higher  harmonics  of  some  fundamental  frequencies 
reveals  the  existence  of  a resonant  magnetoelastic  standing  wave  in  intimate  correlation  with  the 
origin  of  the  rotation.  This  phenomenon  has  been  proved  to  have  potential  applications  in 
different  fields  such  as  in  micro-motors  or  viscosimetry  [4,5], 

Although  a quantitative  theory  is  not  currently  available,  our  results  show  that  this  is  a 
general  property  of  materials  with  high  magnetostriction  constant,  no  matter  their  crystalline 
structure,  since  it  is  present  in  amorphous  but  also  in  polycrystalline  wires,  as  recently  reported 
[6].  Consequently,  the  rotational  behavior  is  nowadays  expected  to  be  determined  neither  by  the 
alloy  composition,  nor  by  the  structural  nature  of  the  material,  nor  by  the  domain  structure,  but 
seemingly  by  the  magnctostrictive  character  of  the  sample. 

The  aim  of  this  work  has  been  to  study  the  AC  field  induced  rotation  of  Fe77.5Si7.5B15  and 
Fe73.5Si|3.5B9Cu|Nb3  amorphous  wires  exhibiting  large  magnetostriction  in  their  as-cast  state  and 
after  annealing  that  finally  results  in  the  devitrification  of  the  samples  [7].  In  fact,  in  the  case  of 
Fe73.5Si|3.5B9CuiNb3  wires,  annealing  leads  to  homogeneous  and  stable  partial  crystallization 
with  noticeable  reduction  of  magnetostriction  and  disappearance  of  that  phenomenon. 
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Figure  I.  Schematic  block  diagram  of  the  measuring  setup 

EXPERIMENTAL  TECHNIQUES 

Fe77.5Si7.5Bj 5 and  Fc735Si13.5BvCulNb,  amorphous  wires  have  been  prepared  at  the 
laboratory  by  in-rotating-water  quenching-technique.  The  diameter  of  the  wires  was  120pm  and 
pieces  about  50  111m  in  length  were  taken  for  the  AC  field  induced  rotation  experiments.  The 
experimental  set-up  for  measuring  the  rotation  frequency  of  the  wire  is  shown  schematically  in 
Figure  1.  The  wire  was  placed  inside  a 40  mm  long  solenoid  generating  an  axial  magnetic  field 
(constant  of  125Am''/A).  The  solenoid  was  fed  by  a current  to  produce  axial  AC  magnetic  field 
by  a function  generator  (model  HM  8030-5)  coupled  with  an  amplifier.  A thin  glass  tube  of  4 
mm  in  diameter  was  placed  inside  the  coil  and  its  bottom  was  sealed  with  a flat  glass  piece. 
Thus,  the  wire  rotates  freely  leaning  on  its  bottom  end  in  a vertical  position.  The  frequency  of  the 
applied  axial  AC  magnetic  field  ranged  from  1 kHz  to  35  kHz.  The  rotational  speed  of  the  wires 
was  measured  by  the  interception  of  a laser  beam,  which  was  directed  towards  a detector 
(photoresistance)  connected  to  a frequency  meter.  The  measured  frequency  actually  showed 
double  value  of  the  real  frequency  of  rotation  since  the  interception  with  the  laser  beam  was 
twice  that  of  a complete  rotation  of  the  wire. 

Magnetic  hysteresis  loops  of  the  samples  used  for  rotational  experiments  were  measured 
using  a conventional  low-frequency  induction  technique. 

Isochronal  (30  min.)  thermal  treatments  were  performed  in  a conventional  Joule  heated 
furnace  under  argon  atmosphere  for  a range  of  annealing  temperatures  up  to  650°C. 

DISCUSSION  OF  RESULTS 

Hysteresis  loops  of  the  as-cast  and  annealed  wires  of  Fe77.5Si7.5B15  and 
Fe73.5Sii3.5Bi)Cu|Nb3  are  presented  in  Figures  2 and  3,  respectively.  As  it  can  be  seen,  as-cast 
wires  of  both  compositions  do  not  present  the  usual  bistable  squared  loops  due  to  their  short 
length  (50  mm),  smaller  than  the  closure  domain  structures  formed  at  the  ends  of  the  wires  to 
reduce  the  magnetostratic  energy  [8].  As  annealing  temperature  is  increased  the  samples  loose 
completely  the  large  Barkhausen  jumps  due  to  the  relaxation  of  internal  stresses.  After  annealing 
at  540UC  the  Fe77.5Si7.5B15  sample  looses  the  amorphous  structure  (Fe3Si  and  Fe2B  grains 
segregate)  and  its  soft  magnetic  properties  (coercive  field  increases  up  to  65  Oe). 
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Figure  2.  Hysteresis  loops  for  the  As-Cast  and  annealed  FcjjjSij.sB/s  wires. 

In  the  case  of  Fe73.sSii3.5B9CuiNb3  wires,  a-FeSi  nanograins  (around  10  nm  average  grain 
size)  segregate  after  treatment  at  540SC.  The  devitrification  process  goes  further  with  increasing 
the  annealing  temperature  resulting  in  grain  size  increase  and  appearance  of  new  phases  (i.e. 
Fe2B).  In  particular,  after  annealing  at  6509C  a magnetic  hardening  is  observed  similar  to  that 
obtained  annealing  at  540SC  for  the  Fe77.5Si7.5B15  wire. 

Figure  4 shows  the  Fe77.5Si7.5B  15  wire  rotation  frequency  as  a function  of  the  exciting 
field  frequency  for  a constant  AC  field  amplitude  of  90  Oe  for  as-cast  and  annealed  wires. 
Rotation  of  the  as-cast  wire  is  found  at  certain  characteristic  frequencies  of  the  applied  field  and 
at  their  higher  harmonics.  Figure  5 shows  the  corresponding  spectra  for  the  Fe73.5Sii3.5B9CuiNb3 
wires  at  the  same  AC  field  amplitude. 

To  determine  the  characteristic  fundamental  frequencies  at  which  rotation  takes  place,  the 
experimental  data  have  been  fitted  to  a superposition  of  Gaussian  distributions,  y(t),  around  the 
characteristic  frequencies  as: 

if(/)  = £2X(/)exP  [-vif-jF,?]  (1) 

1=1  j=i 

where  F,  are  the  characteristic  frequencies,  o is  related  to  the  width  of  the  Gaussian  distribution 
N is  the  number  of  fundamental  frequencies  and  A,j(f)  is  an  amplitude  parameter  that  depends  on 
the  field  amplitude.  The  index  j denotes  the  corresponding  harmonic  number.  For  the 
Fe77.5Si7.5B15  wires  there  are  two  fundamental  frequencies,  but  for  the  FC73.5S i 1 3,5B.)Cu  iNbi  wires 
up  to  four  frequencies  are  needed  to  characterize  the  spectra.  As  shown  in  Figures  4 and  5 the 
rotation  is  observed  not  only  at  one  frequency,  but  also  in  a narrow  frequency  range  around  these 
fundamental  ones  with  a Gaussian-like  shape. 
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Figure  3.  Hysteresis  loops  for  the  As-Cast  and  annealed  Fr7,  <Silt  s B</Ci<iNbj  wires. 


In  spite  of  the  complex  spectra  (see  Figure  4),  the  higher  harmonics  of  a set  of 
fundamental  frequencies  can  be  extracted.  The  number  N of  fundamental  frequencies  found  for 
Fe77.5Si7.5B  15  and  FC755S i u.sByCu ] N b.i  samples  is  2 and  4,  respectively.  In  the  Fe77.5Si7.5B  15  wire 
for  all  the  annealing  temperatures  there  are  two  fundamental  modes  around  5 and  8 kHz,  being 
the  one  at  5 kHz  quite  wide.  Only  the  devitrified  sample  has  a very  different  spectra  with  reduced 
number  of  modes  and  frequencies  of  rotation.  Also,  an  increase  of  the  wire  rotation  frequency 
with  exciting  frequency  can  be  observed.  This  result  supports  the  idea  that  the  rotation  is  caused 
by  the  coupling  of  the  eddy  currents  induced  in  the  wire  when  there  is  a magnetolastic  resonance. 
As  frequency  is  increased  so  are  the  induced  currents,  and  accordingly  the  Lorentz  force.  This 
force  is  not  canceled  due  to  the  lack  of  perfect  symmetry  in  the  system,  as  the  wire  is  standing  in 
a non-uniform  alternating  magnetic  field.  In  Fe77.5Si7.5B15  samples,  the  changes  in 
magnetostriction  constant  are  negligible  during  structural  relaxation  [9].  This  fact  explains  the 
quite  similar  spectra  of  wire  rotation  frequency  for  all  the  samples.  The  differences  in  the  540QC 
annealed  sample  can  be  explained  by  the  crystallization  and  the  induced  magnetic  hardening. 

This  is  in  contrast  with  the  results  obtained  for  the  Fe73.5Si  n.5ByCu  1 Nbi  wires.  In  these 
wires,  annealing  results  in  intermediate  devitrification  and  quite  large  change  in  the 
magnetostriction  constant  [10].  This  change  modifies  the  rotational  spectra  of  the  wires  as  shown 
in  Figure  5.  Fundamental  frequencies  found  in  the  as-cast  state  (4.7,  7.5,  10.8  and  12.5  kHz)  shift 
with  annealing  and  eventually,  after  treatment  at  550DC  rotation  disappears.  This  temperature 
corresponds  to  the  optimum  soft  magnetic  properties  when  the  lowest  magnetostriction  value  is 
achieved.  Rotation  is  observed  again  upon  a new  increase  of  magnetostriction  with  further 
crystallization  (e.g.  aneealing  at  65CFC). 
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Figure  4.  Rotational  spectrum  (wire  frequency  vs  exciting  field  frequency)  for  the  as-cast  Fe77,sSi7,sBiS  wire  and 
after  annealing  at  different  temperatures  as  indicated. 

All  these  results  show  that  AC  field  induced  rotation  has  its  physical  origin  in  the 
magnetoelastic  resonance,  which  is  more  important  as  magnetostriction  constant  is  increased. 
This  parameter  can  be  tailored  in  some  compositions  as  the  Fevs.sSin.sByCuiNbj. 

CONCLUSSIONS 

A new  effect  consisting  of  the  AC  field  induced  mechanical  rotation  has  been  studied  in 
Fe77.5Si7.5B15  and  Fc7j.5Sii3,5B.jCuiNb3  wires  subjected  to  thermal  treatments  that  modify  their 
structural  nature.  In  the  case  of  the  Fe77.5Si7.5B15  wire,  rotational  characteristics  are  almost 
unchanged  by  annealing,  at  least  until  crystallization  is  achieved,  which  is  ascribed  to  the  fact 
that  the  magnetostriction  constant  does  not  change  significantly.  In  contrast,  Fe73.5Sii3.5B<)CuiNb3 
wires  undergo  noticeable  changes  of  magnetostriction  before  full  crystallization.  Rotational 
characteristics  are  determined  most  importantly  by  magnetostriction  but  are  also  modified  by  the 
structural  nature  and  the  degree  of  magnetic  softness.  The  influence  of  exciting  AC  frequency 
also  supports  the  assumption  that  the  rotation  is  caused  by  the  coupling  of  the  induced  eddy 
currents  with  the  non-uniform  magnetic  field  that  exist  in  the  coil.  In  short,  for  this  phenomenon 
to  be  observed,  magnetically  soft  materials  are  required  but  exhibiting  large  enough 
magnetostriction. 
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Figure  5.  Rotational  spectrum  (wire  frequency  vs  exciting  field  frequency)  for  the  as-cast  Fc7j<Si  i<S7Cu /Nb<  wire 
and  after  annealing  at  different  temperatures  as  indicated. 
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